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Abstract
Simulations of thin film growth in the Ag-Ti system are presented using
molecular dynamics combined with an adaptive kinetic Monte Carlo method
(AKMC) with a modified embedded atom potential fit to ab initio data for
the surface energies. For the model, atoms are assumed to deposit normally
with a kinetic energy of 1-3 eV, with a typical deposition rate of around
10 monolayers per second, similar to what might be expected in a sputter
deposition process. For the growth of Ti on the Ag (100) and Ag (111)
surfaces, the Ti adatoms prefer to exchange with the original surface layer
atoms creating a mixed Ag/Ti surface. On a silver substrate, up to four
mixed layers need to be formed before a pure Ti layer is obtained. Conversely,
simulations of Ag depositing onto Ti (0001) showed that in the initial phase
of growth, the Ag adatoms prefer to be separated before a complete first
layer of Ag was obtained in a close-packed structure. The implementation
of a super-basin method within AKMC allowed the simulation of 0.4s of Ti
growth on the Ag substrates, with up to 3 new layers added.
Keywords: titanium, silver, thin film growth, long-time scale dynamics,
super basin method
1. Introduction
Multilayer thin films containing silver are used in the glass industry to
produce low emissivity (low-E) coatings. The silver, a few nanometres thick,
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acts as an infra-red blocker and is contained in a multi-layer stack which
has many different interfaces. These coatings have good optical properties
such as high transmittance and low absorption and are often grown commer-
cially using magnetron sputtering [1]. To optimise the coatings requires a
knowledge of how the different materials grow. One such interface consid-
ered by our group, [2] involved modelling Ag growth on a ZnO substrate.
This showed that the Ag atoms would cover the ZnO surface before growing
in islands under normal operating conditions. Here the interface between the
Ag and Ti is considered as Ti is used to prevent the oxidation of Ag.
Previous work has studied thin films of Ag on TiO2 or TiO and these have
been the topic of investigation both theoretically and experimentally [3, 4, 5,
6] but Ti-Ag interfaces have been less well studied. One such investigation of
the Ti/Ag interface was a study [7] where Ag nanoparticles were deposited
onto a Ti substrate for potential medical applications but here the growth of
Ti on a silver substrate and Ag on a titanium substrate are investigated using
atomistic modelling techniques. The objective is to understand the growth
process on the atomic scale with the ultimate aim of using these materials
in optical coatings.
Thin film growth can occur in many different forms. The growth can be
layer-by-layer, island or layer plus island [8]. When the deposited metal has
a higher surface energy that the substrate metal, the deposited atoms prefer
to exchange with the outermost layer atoms. For example when a Ti film
is grown on a Cu substrate, experiments have shown that Ti can substitute
with Cu surface resulting in a first layer coverage of Ti between 20−30% [9].
Previous work by our group involving single atom impacts of Ti onto Ag
surfaces has also suggested that the exchange mechanism can take place [10]
whereas it was not observed in Ag impacts on Ti. Other authors have also
observed the exchange mechanism e.g. for the Ag-Ni [11] system and the
Ti-Al system [12].
To obtain a fuller picture of how the growth occurs, it is necessary to
model the effect of successive impacts onto the substrate over experimental
time scales that allows for diffusion between successive impacts. This is
generally not possible by using molecular dynamics (MD) alone because of
the time scales involved and a kinetic Monte Carlo (KMC) approach [13]
based on a pre-defined event list can miss important transitions. For example
using temperature accelerated dynamics, Sprague et al [14] have shown that
different growth patterns can occur when growing Cu on Ag if MD alone is
used. In this paper we investigate the initial phases of growth of Ti on both
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Ag (100) and (111) surfaces and also consider Ag growth on Ti using a hybrid
MD and adaptive KMC [15, 16] approach that has been used successfully by
our group on other systems such as Ag growth on Ag [17] and Ag on ZnO
[2].
2. Methodology
2.1. Interatomic potentials for the Ti-Ag system
The growth methodology is expensive computationally and so semi-empirical
potentials are used rather than ab initio calculations to describe the sys-
tem. Originally we investigated two potential models based on the embed-
ded atom approach for bulk Ag-Ti systems [18, 19]. However these existing
potentials gave a poor agreement with ab initio calculations performed with
SIESTA [20] for surface energies. To overcome this deficiency, a new mod-
ified embedded-atom method (MEAM) potential [10] was fitted for Ag-Ti
interactions based on the existing 2NN MEAM potential [21, 22] for pure
Ag and pure Ti. Various surface configurations were considered with the
result being that the new MEAM potential gave a good agreement with the
SIESTA results.
2.2. Molecular Dynamics
To model the growth, atoms are assumed to impact normally on the
heated substrate at energies of a few eV. Most simulations were carried out
at a temperature of 300K. After each impact the simulation was run for
around 10 ps. Typical systems contained up to 1000 atoms arranged in 6-
8 layers with the a free surface and with the bottom two layers held fixed
and the next layer coupled to a heat bath at the same temperature of 300K
using a Berendsen thermostat [23]. The system is arranged with surfaces
perpendicular to Cartesian co-ordinate axes with the y-axis parallel to the
free surface normal. Periodic boundary conditions are applied in the x and
z directions. After 10 ps the system is relaxed to its local minimum energy
configuration before the adaptive KMC (AKMC) methodology is applied.
2.3. Adaptive Kinetic Monte Carlo
The adaptive kinetic Monte Carlo (AKMC) developed at Loughborough
uses an open-ended saddle point search algorithm to determine the possible
transitions (or another impact event) from the local minimum energy state
after the MD step. These searches are conducted on subsystems (termed
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defect volumes) of atoms surrounding defects. Usually the Dimer method
[24] was used to determine the pathway out of the basin and to find the
approximate location of the saddle point after which the nudged elastic band
(NEB) [25] was applied to calculate the transition barriers and obtain the
minimum energy path more accurately. The transition rates are calculated
via the Arrhenius equation:
r = τ exp(−4E/kBT ), (1)
where 4E is the activation energy, kB is Boltzmann’s constant, T is the
temperature and τ is the prefactor which in our simulation was assumed to be
fixed at 1013s−1 but can in principle be calculated via the Vineyard method
[26]. A list of events and their transition probabilities is then produced
from these searches. Table 1 indicates that when increasing the number of
searches, the elapsed time increases linearly but the number of transitions
do not have a significant increase for Ti growth on an Ag (111) surface.
However, different systems may require different number of searches. For
initial growth of Ti on Ag (100) surface and Ag on Ti (0001) surface, a few
hundred of searches are enough to find all possible transitions. To balance
the efficiency, in our simulations the basic transition search number is 1000
per defect volume and was raised to several thousand when the defect area
grew bigger. The found transitions are added to the events list along with the
probability of another surface impact event. A deposition rate of typically
10 monolayers per second, corresponds to an equivalent transition barrier of
0.59 eV at the temperature 300 K for the system sizes studied.
Table 1: Average number of unique transitions found and elapsed time (in seconds) when
different number of searches carried out on the two defect clusters shown in Fig. 6 using
24 cores in parallel. There are 54 and 44 atoms in the two defect clusters.
Number of searches Transitions found Time (s)
500 4.2 (±0.1) 789.2 (±4.6)
1000 4.5 (±0.2) 1571.8 (±7.3)
2000 5.6 (±0.3) 3144.6 (±9.8)
Once an event list is obtained, one event will be chosen and the clock
advances according to a time [27]
∆t = − lnu∑
i ri
, (2)
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where u is a random number between 0 and 1 and ri is the rate for each
event.
The methodology is under continuous development and has a few addi-
tions to that described in some of our previous publications, e.g. [28, 17]
and includes a super basin method and a different way of identifying local
regions where transition searches can be concentrated. These are termed
defect volumes.
2.4. Defect Volumes
To save computation time, a subsystem is created when making open
ended saddle point searches which surrounds system defects and adatoms;
typically a radius of >4NN is used. The methodology is described in more
detail in [29] but typically defect volumes are created around atoms that differ
in co-ordination number from those that would occur in a perfect crystal
bulk or surface. If multiple defects exist within a defined distance (double
the defect volume radius) from each other, the subsystems are combined to
create a larger defect volume.
2.5. Super Basin Method
Equation (1) indicates that the transition rate is inversely proportional to
the activation energy. The higher the rate is, the more likely the transition
would be chosen during the simulation. Hence low-barrier transitions can
slow down the simulation leaving the system trapped in a super-basin, an
object containing states connected by low barrier transitions from which it
would take a long time to escape. The mean rate method [30] is used to cal-
culate an average rate for transitions to occur that escape the super-basin.
Super-basins are built on-the-fly by exploring all states connected by low-
barrier transitions and then removing these transitions from the KMC event
table allowing only the escaping transitions to be included - hence accelerat-
ing the simulation time. The super-basin method implemented in our code
is an extension of the on-lattice method described in [2] and the off-lattice
method further described in [29] where local basins are built from defect vol-
umes, rather than including the whole system. This allows multiple basins to
exist simultaneously. However, local super-basins are treated independently
from each other unless separate defect volumes become close enough to be
considered a combined volume or a deposition event occurs. In these cases,
the existing super-basin transition networks are deleted and are built again
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as the system develops. For the Ag-Ti system the transition barrier threshold
for events to belong to all the super-basins was taken as 0.5 eV.
2.6. Substrates
Three system were considered for the growth simulations. The Ag (100)
substrate consists of 8 layers with 128 atoms per layer. The Ag (111) sub-
strate has 6 layers with 132 atoms in each layer. There are 10 layers and 100
atoms in each layer for the Ti (0001) substrate.
3. Results
3.1. Ti on Ag (100)
Transitions and Reaction Pathways
Before carrying out growth simulations we first investigate possible transition
associated with small Ti clusters on the Ag surface. If a Ti adatom is placed
in the hollow site on the Ag (100) surface, a concerted motion of a Ti atom
and an Ag atom is found by open-ended saddle point searching, with the Ti
being incorporated into the surface and the Ag becoming an adatom. The
energy barrier for the exchange is 0.42 eV, making this exchange more likely
than a further deposition, with a much larger reverse barrier of 1.85 eV. In
the case of a Ti dimer on the surface, the energy barrier for one of the atoms
in Ti dimer to replace one Ag atom is 0.30 eV. This reduces even further for
a Ti trimer with a barrier of 0.09 eV. The barrier for a Ti atom to hop on the
surface from one hollow site to the adjacent hollow site via a bridge site is
0.71 eV. Hence it is more favourable for the deposited Ti atoms to exchange
with the outermost layer Ag atoms.
After this exchange process, the Ag adatom can rotate around the Ti with
a barrier of 0.47 eV (Fig. 1a) but to hop away to another hollow site requires
0.81 eV (Fig. 1b), larger than on the pristine surface. The relative rates for
the various processes are given in Table 2. The rate for the Ti exchange (8.3
× 105 s−1) is far higher than the deposition rate (1280 s−1) and the surface
hop diffusion rates and indeed when carrying out growth simulations it was
found that in the initial stages of deposition, the majority of deposited Ti
adatoms exchanged with the Ag surface atoms. Since there is a factor of >
100 difference in the rates shown in Table 2, the system will be dominated by
the rotating of the Ag atom about the subsurface Ti and the KMC clock will
advance slowly. This suggests that the super-basin methodology could be
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used in growth simulations to speed up the simulation when these rotations
occur.
(a)
(b)
Figure 1: Energy barriers and reverse barriers for single Ag atom to hop on the Ag (100)
surface with one Ti in the surface layer. Atoms are coloured by height. The big spheres
are Ag and small spheres are Ti. Yellow arrows indicate the direction of transitions..
Table 2: Rates for deposition event and transitions for Ti exchange, rotation around a
Ti atom and hop away from a Ti atom at 300K.
Event EB (eV) Rate (s
−1)
Deposition 0.59 1.28 ×103
Exchange 0.42 8.3 × 105
Rotation 0.47 1.07 ×105
Hop away 0.81 0.25
When there are two close Ti atoms in the surface, the barriers for Ag
adatoms to move around them is less than 0.3 eV and the probability of
choosing a deposition event in the KMC routine is even lower.
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Growth Simulations
The growth simulations were carried out with the super-basin method im-
plemented. As a result the first deposition occurred at KMC step 5 and we
were able to simulate up to 230 Ti deposited onto the Ag (100) substrate. In
Fig. 2 we present the final configuration of Ti on Ag (100) by AKMC after
172 milliseconds of real time at a deposition energy of 1 eV. The simulation
took about one week to finish with 48 cores running in parallel. Fig. 2 shows
the surface layer of the substrate is nearly complete with only two vacancies
with the first new layer having three vacancies. The percentage of Ti in the
original surface layer is 60% and in the first new layer the percentage is 49%.
The third is about to form and we expect that with more Ti atoms deposited,
the Ag atoms will continue to exchange with the deposited Ti.
Another simulation in which the deposition energy is 3 eV, is shown in
Fig. 3. This simulation was run for 157 milliseconds with 169 Ti atoms
deposited. The slight increase in energy results in many atoms depositing on
off-lattice sites so that the saddle point search regions are then very large.
Hence further application of the off-lattice AKMC requires a huge number
of computationally expensive transition searches to find enough transitions
belonging to the defect volume for the results to be statistically meaningful.
In order to predict how many mixed layers would be formed before a pure
Ti layer is found, would require considerably more computational power and
as larger ‘defect regions’ form the simulation also slows. Thus in order to
approximately determine the extent of the mixed region, we have conducted
MD only at enhanced deposition rates, ignoring transitions between impacts.
MD was run for 5 to 20 pico seconds and relaxed before the next deposition.
A total of 400 atoms were added to the system. Although this methodology
misses some of the atom exchanges it still shows that over four layers have
to be formed, for impact energies less than 20 eV, before we get a complete
new layer of Ti.
3.2. Ti on Ag (111)
Transitions and Reaction Pathways
The exchange mechanism for a single Ti adatom to join the Ag surface layer
involves three atoms (one Ti and two Ag atoms) while only two atoms are
involved on the Ag (100) surface. Fig. 4a shows that when the Ti atom joins
the outermost layer, it takes the place of an Ag surface atom while this Ag
atom pushes an adjacent Ag atom up onto the surface. The energy barrier
is 0.45 eV for this exchange mechanism.
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(a) surface layer (b) first layer 
(c) second layer (d) third layer 
(e) top view 
Figure 2: The positions of Ti atoms deposited onto the Ag (100) surface at 1 eV using
MD + AKMC. Atoms are coloured by height. The big spheres are Ag and small spheres
are Ti. Four mixed layers are shown separately from left to the right and top to the
bottom.
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Figure 3: The positions of Ti atoms deposited onto the Ag (100) surface at 3 eV using
MD + AKMC. Atoms are coloured by height. The big spheres are Ag and small spheres
are Ti. Four mixed layers are shown separately from left to the right and top to the
bottom.
When a Ti-dimer is placed on the surface, one of the Ti atoms exchanges
with an Ag surface atom with a barrier of 0.26 eV (Fig. 4b). The new dimer
is then pinned to the Ti in the surface layer. The barrier is 0.20 eV when
an atom from a Ti trimer joins the outermost layer, displacing an Ag atom
onto the surface (Fig. 4c).
Because growth simulations on this surface showed a tendency for clus-
tering, transition barriers for Ag atoms to jump down from a typical island
were also calculated as shown in Fig. 5. The corresponding barriers for Ti
are 0.51 and 1.15 eV.
Growth Simulations
In contrast to the (100) surface Ti adatoms and dimers are very mobile on the
surface with barriers of 0.05 and 0.07 eV respectively. Hence with only one Ti
adatom as the initial configuration, the AKMC simulation will show that the
Ti will diffuse across the surface for several hundred KMC steps. Even apply-
ing the super-basin method does not speed up the simulation since the whole
surface becomes a super-basin. We did a few tests running AKMC simula-
tions by randomly placing 8 to 16 Ti atoms on the the Ag (111) substrate and
running MD for 1 ns at 300K. When 12 Ti adatoms were placed randomly on
the surface, the atoms rearrange themselves into two separate mixed Ag-Ti
clusters. Simulations with different starting configurations showed effectively
the same patterns. Thus growth simulations were started from initial surface
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(a)
(b)
(c)
Figure 4: Energy barriers for the exchange of Ti with the surface atom on the Ag (111)
surface. Atoms are coloured by height. The big spheres are Ag and small spheres are Ti.
Yellow arrows indicate the direction of transitions.
configurations as these. Fig. 6 shows clusters (which are then considered as
defect volumes) formed during the growth of Ti on the Ag (111) substrate
after the addition of 17 Ti atoms. The transitions from atoms within these
two defect volumes form two local super-basins. During the simulation, each
of the local super-basins are explored and the rates for each transition are
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Figure 5: Energy barriers and reverse barriers for Ag and Ti to drop off the step edge
of a typical mixed Ti-Ag island on the Ag (111) surface. Large spheres represent Ag and
small spheres Ti
modified according to the mean rate method and escaping transition rates
are updated and included in the KMC event list.
Fig. 7 shows the system after the addition of 239 Ti atoms. There is one
vacancy in the surface layer and the first layer is almost complete with three
vacancies. The simulations reached a time of 150 milliseconds. The growth
of Ti on Ag (111) is first by forming clusters of Ti and Ag but by the time
the second and third new layer is added, the Ti adatoms are beginning to
form in a close-packed pattern.
3.3. Ag on Ti (0001)
Transitions and Reaction Pathways
There are two types of hollow sites on the Ti surface: ABC sites and ABA
sites shown in Fig. 8a. It requires 0.24 eV for an Ag adatom to move from
the ABC hollow to the ABA hollow and the reverse barrier is 0.13 eV. These
transitions are shown in Fig. 8b. Hence the ABC hollow is preferred over the
ABA site.
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Figure 6: Two local super-basins created after deposition 17 Ti atoms onto Ag (111)
substrate. Atoms are coloured by height. The big spheres are Ag and small spheres are
Ti.
An important observation is that when Ag atoms are on a silver island,
it is easy for the second layer Ag atom to drop down the step edge to the
Ti surface. Two transitions are shown in Fig. 9 with corresponding energy
barriers of 0.03 eV and 0.12 eV. Fig. 9a shows an example of a concerted
motion where the second layer Ag atom pushes one Ag atom to the ABA
hollow site and then resides on another ABA site.
Growth Simulations
As with the previous MD + AKMC model, we start the growth with a
partially covered surface. 25 Ag atoms were initially placed randomly on the
Ti basal plane. The result after the addition of 104 Ag atoms is shown in
Fig. 10. The Ag atoms can diffuse individually over the surface but do not
cluster and as more Ag is deposited, a complete layer was formed with a
stacking fault. The lattice constants are 2.88 A˚ and 2.945 A˚ for Ag and Ti
respectively indicating that the second layer Ag atoms do not sit on perfect
lattice sites. The energy barrier for diffusion of a single Ag atom on this first
added Ag layer was calculated as only 0.06 eV so the atoms are very mobile.
However, as more atoms are added another complete layer begins to form,
indicating that islands do not form in the growth of the first 2 layers. After
the first two new layers are complete the Ag atoms would be expected to
grow in a more island-like form [17] since the further growth is effectively Ag
on Ag.
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(a) surface layer (b) first layer 
(e) top view 
(c) second layer (d) third layer 
Figure 7: The positions of Ti deposited onto the Ag (111) surface at 3 eV using AKMC
+ MD. Atoms are coloured by height. The big spheres are Ag and small spheres are Ti.
14
Figure 8: The diffusion barriers of Ag on the Ti basal plane. Atoms are coloured by
specie. The red spheres are Ti and the grey spheres are Ag. Yellow arrows indicate the
direction of the transitions.
4. Conclusions
MD combined with AKMC has illustrated the different mechanisms that
can occur in the initial stages of growing Ag films on Ti and Ti films on Ag,
illustrating the different growth processes that can take place. The method-
ology is computer intensive but the saddle point searches can be carried
out in parallel on different processors so as more computing power becomes
available larger and more complex systems can be investigated. Although
simulations such as those described here are computationally intensive, they
have now reached a stage where they can help scientists involved in producing
thin film coatings, because models are increasing in accuracy and deposition
conditions can be easily changed on the computer to test new production
techniques.
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(a)
(b)
Figure 9: Energy barriers for Ag moving down a step edge from a silver island to a Ti
surface. Atoms are coloured by height. Blue atoms are Ti, green and red atoms are Ag.
Yellow arrows indicate the direction of transitions.
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